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1.Introduction ,· 

Since the discovery of HTSC [1] special attention ha~ been 

given to the structural phase· transitiQn (SPT) in perovskite-like 

compounds: La , M cuo (M=Sr,Ba,Ca). It has been shown {see[2-4]) 
· 2-X X 4 ·• · · 
· · ' 17 that SPT .·from the tetragonal D4h (HTT) 'to orthorhombic D

1 8 (LTD) 
I · 2h · 

phase is caused by condensation of_ the rot~tional tilting 1;1ode 

with wave vectors:~ =rr/a(1,1,0) ~ =rr/a(-1,1,0) · ~t the temperattire• 
I 2 • · 

, ' ;I, , 

of SPT T
0
.The latte_r drops rapidly as the concentration of impuri:... 

ties increases,-To(x):::To(1.:..ax) [5,6]. 
• - ! 

At. the same time, another SPT ·was observed in La Ba cuo . 
• · • ·, 2-X X 4 

(at T
0

<60K for• 0, 05<x<O, 2 ) at which· the, system undergoes tr_an-. 

sition _to a ·row temperature tetragonal D
16 (LTT) 
4h 

ph~se [ 7, s J. 

Investigation_ of the ·. superconducting properties for· these com..:-

pounds have revealed .an abrupt- c;iecrease of superconductivity 

temperature T-,· and anomalous behavlor of the thermoelectric po;_..er 
. C . 

and •Hall effect at_ x ~ o, 12, Also the. anomalous .increase of isoto-

pic effect was observed .in La Sr CuO in the same region.· of 
2-X X 4 · -

'· '. ./ . . ,, ' 

concentration: for the LTT phase, a=_O, 6 at _x=O, 12 [ 9]. These results 

i;ndicate correiation between.structural ~nomalies and_ superconduc:... 

tivity:· The.highly anharmonic character.of the lattice vibrations 

.. was observed in inelastic neutron scattering [ 10]. A· strong' 
. . 

softening of some of the elastic constants at SPT·, which impHes· 

the interection ·between strains and,' the· soft mode · was . also 

observed (11,12]. 

'Investigations of the. SPT · HTT---:-+LTO in the framework-. of." the 

microscopical· model have b·een proposed in [ 13). The ·vibr~tions in 

·\ . . ' . . . .. 
the,. local normal. coordinates_ were considered.· However, only oxy-

gens - in Cu0
2 

plane were_ taken _into account ·explicitly.while. the 
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apical oxygen vibrations were considered by means of renormaliza­

tion of the momentum of inertia. 

In this letter a generalization of the model [13] is proposed 

where apical oxygen vibrations and their interactions with strains 

are taken into account explicitly. The model parameters are 

estimated by microscopical calculations of the potential energy of 

the crystal[18] and by using measurements of the elastic 

coefficients in acoustic studies [12]. 

It is shown that the consideration the apical oxygens is important 

for determining the sequence of phase transitions HTT-➔LTO-➔LTT. 

For the calculated model parameters at x=O the HTT-➔LTO, phase 

transition is realized.To describe the other phase transition 

HTT➔LTT, _a strong x-dependece of the anharmonic constants , espe­

cially for the apical oxygens , should.be introduced [14]. 

2.The Model Hamiltonian 

The total anharmonic Hamiltonian of the LCD compound is written in 

the form: 
H H + H + H 

R C R-C 

HR=~ [ ~ 2 (1,k)+ ! L [ ~a{3 (1-1') u (l,k) ua(l' ,k') + 
l,k 0: 2ll'kk' kk' 0: ,-., 

+B ! ~ u4 (1,k) + B ! 
0 4 L. Z 1 4 

+B 
2 

1, k=t, 2 

1 ~ 2 2 

2 L. ux(l,k)uy (l,k) 
1, k=3, 4 

[ [u:(l,k) + u
4
(1,k)] + 

l,k=J,4 y 

(1) 

(2) 

where ua(l,k) is an a-th component of the ion displacements of ox-

ygen where k=t,2 stands for atoms in the plane cuo2 ,and k=3,4 for 

the apical oxygen, mis the oxygen mass, ¢:~.(1-1') is the harmonic 

force constant, B
0

,B
1 

,B
2
are the constants of a local anharmonic 

interaction. In the Hamiltonian (2) only displacements of the· 

1':ib- -~·__-'::·~-- ., .. ,, 1<'1::::-,.,.'ITT I ~ ~,1;.,-,:i.-,t,! • ~• >,!'1 .1l ~l~IJ a 
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oxygen ions in the soft mode are taken into account. This mode is 

related to the rigid rotation of the cuo6 octahedron as a whole in 

the LMCD lattice. By taking into account of oxygen position the in 

teraction of the ion displacements in the soft mode with strains 

can be written as: 

HR= L caa(l) [ L u:(l,k)( 933 °a3 + 9 13 °ak + 9 23< 1- 0ak) + 
k=l,2 

+ L u;(l,k)( 931oa3 + 911oa/3 + 912<1-oa13>> l + 
k=3,4 

(3) 

+ L cxy(l) ux(l,k) uy(l,k) g 66 
l, k= 3, 4 ..._ 

Because of the tetragonal symmetry of the lattice for T>T
0
there 

exist seven independent components of gµv· ca/3(1,k)_ caf3(1)is the 

static deformation taken into consideration in the long-wavelength 

limit. 

form: 

The potential · energy of the distorted lattice takes the 

H =: L Cµvcµcv 
2 µv 

(4) 

To describe the displacements of oxygen ions in the soft til­

ting mode we introduce the local normal coordinates RA(l) related 

to the rotation of the Cu0
6

- octahedra [15-16]: 

u (1,k)= r--' 
z 2 v 2m 

1 
➔ ➔ ➔ 

eZAk[RA(l+al;) - RA(l)] (5) 

where for plane atoms k=1,(2). Local normal coordinates RA(l) des­

cribe the rotation of octahedra around the axes A=y(x), a is the 

lattice constant, 
➔ 

1;1=(1,1,0), 
➔ 

/;
2
=(-1. 1, 0), ea/37 

symmetric tensor. For apical ions ( k=3,4 )we have: 

ua(l,k)= 1 

~ 
eaA3 RA(l) 

- 2 

is the anti-

( 6) 

where ~=x(y) for a=y(x) and m=m(dA/dz) is the effective mass of 

the apical oxygen atoms, dx= d =a/2 and dare distances between 
y . z 

4 

I 

the copper and plane and apical oxygen ions.respectively.In view of 

the definition of local normal coordinates (5),(6) the 

Hamiltonian (1) can be written as: 

H = ~ L L IAA(l,l') RA(l)RA(l') + ~ L L V AA'(l-l')RA(l)RA•(l') 
11 1 A I I' AA' 

+ : L L 
4

11 • A 
rAA(ll')[ RA(l)- RA(1')]

4 
+ 

+ : 
2 

L L r R~(1)R~.<1> + 
I A A,l,A' 2 

: Lr R 40)+ 
4 

1 
A 1 A 

(7) 

+ L L [ G CAA+ G CA'A'+ G C l 'A,(ll')RA(l)RA(l') + 
ll'A,l,A' 23 13 33 zz 

2 
+ L L [ G cAA + G cA'A'+ G c 1 RA(l)+ LG c R (l)R (l)+ 

1 
A A',l,A 12 11 31 zz . 66 xy X y 

+ He 

where I;>.;>. (11' ) = : 1 
2 N 

lq( 1- I ') 

L ■ [ (1-cosqAa)+(dz ,dA)
2

] is the 
q 

nonlocal momentum of inertia and VAA'(l-l')is the harmonic force 

• 1 I q( 1-1') 
constant matrix. ,A(ll')= NL e (1-cosqAa),and r;>.;>.(11' )= 

1 I q( 1-1') 
=NL r

0
e cosqAa. 

q 

r =-1--B. r =--
1
-B 

o 64 m 2 o 1 4 ;;;2 1 
r =--1 - B 2 -2 2 

4 m 

G =-1- G =-1-g V3 9 v3' vµ - vµ ' 
2 m 2 m 

( v,t,3). 
(8) 

To describe the soft tilting mode we introducethe local nor­

mal coordinates: 

R (1)=-1- [R (1) + R (1)] 
1,2 r-;-- y - X 

( 9) 

Condensation of these rotations for T<T
0
leads to static displace-

ments: 

<Rs( 1)>= Qseiqsl (10) 

5 



where;=(~ ~) is a two-armed star of the wave vector at the X-s 1, 2 

point of the BZ and Q (T)/Q (a)=~ ,(s=1,2)is a dimensionless order-s s s 

parameter, l~sl<1.Furthermore, the frequency of the soft mode in the 

harmonic approximation is unstable: 

w2 
( q ) = w2 

c q ) <a 
1 1 I 2 

(11) 

3. The free energy and phase transition 

Let us evaluate the free energy of the model(?) by using the 

pseudoharmonic approximation [ 17]. To this end we introduce the 

trial Hamiltonian of the system: 

H = ~ 'I"' 'I"' I(q)r c-q>r Cql + -o 2 LL s s' 2 LL 11\ •. (q) r
5
(-q) r •. (q)(12). 

s s, q ss. q 

where r
5
(q)=R

5
(q)-<R

5
(q)>. Applying the variational method for 

Hamiltonian (7) we have: 

F=F + <H-H> , F = -Tln[Sp{e-Ho;T }] 
a a a 

(13) 

Using the variational condition for the trial dynamical matrix 

(see[18]): 

~ ••. (q)= 2 8F118<r.(-q)r
5
,(q)> = 2 8<H>

0
/8 <\

5
(-q)rs,(q)> 

we get the following expression for the eigenfrequency of the 

soft mode: 

n 2 (q ,T )=~ (q ,T)= w2(q) +[24 r + ~ r. ~ r ][ Q2 • 
s s ss s s s O 2 1 2 2 s 

3 I 2 
+ [24 r

0
+ 2 r 1- 2 r 2][QV + 6VCTl](1-8

5
V) + L

55
(q~). 

1 
where 6

5
(T)= NI: I: 7k(q) <r.(-q)r

5
(q)> = 

k q 

1 '\"' '\"' ( s s 1 N L L 'l k q) • µ c q > • µ c q > ~2,......;n..-c_q_> cth 
µ.k q µ 

Qµ(q) 
2 T 

6 ( T)] + 
s 

(14) 

The quantities r ,r ,rand w2(q )are determined in (8),(11)respec-
o 1 2 s 

tively. The matrix L
55

, (q.) is the strain contribution to the soft 
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mode .The SPT temperature is determined by the equation: 

0
2 

( q T ) =a . 
s s a 

Writing now the free energy (13): 

I I 2 2 2 
N Fl= 2 w (q.>(QI + Q2) + U (Q2 ~ Q2)2 + V (Q4 + Q4) + 

1 2 1 2 (15) 
'\"' 2 2 + {ex L c" + /3 c }(Q + Q > + 
A '"' zz 1 2 

7c (Q
2

- Q
2

) + F + V 
xy 1 2 C £ l 

where ex=G +G +G +G , /3=G + G , 7= G , U=6r + ~r - !.r , 13 23 11 12 33 31 66 a 8 1 8 2 

v=~r2- 4r
0

- ~r1 and vr, is fluctuational contribution to the 

free energy. 

The phase transition 017 ➔ 0 18 takes place when u+v>o,v<o 
4h 2h 

while the transition to the 0
16 phase is possible if u+!v>o,v>o 
4h 2 

here 

2 2 
2 ex c33• /3 (Cll •C12> - 4ex/3C13 7 

U=U - ------------------ + -- . 
2 

2[(C + C ) - 2 C 2] 2 C 11 12 13 66 

- 2 v=v-7 /C66 

(16) 

The model parameters can be estimated from the microscopical 

calculations done in [18]. Therein the energy of the La 2Cu04 

lattice was calculated as a function of oxygen ion displacements 

These calculations were performed on the basis of the local 

density approximation. Comparing the parameters of the double­

well potential presented in [18] with F(T=o) in (15) we get 

3 3 
U ::::: 423 mev , V ::::: - 246 mev (17) 

The strain interaction constants ex,/3,7 in (15) can be estimated 

from experimental data [12], 

a;:;: 3,7 10
13

mev
2

, f3::::: 7,3 to
12

mev: 

7 

7
2 
/C ::: s8 66 

3 
mev . (18) 



Inserting (17),(18) we find out that v<o, u+v>o i.e.for these pa­

rameters the HTT➔LTO phase transition is realized. 

4. Discussion 

In the present paper, the microscopical model of the 

anharmonic lattice dynamics for La
2

Cu 0
4 

in terms of rotational 

coordinates R;\(l) for octahedra Cu0
6 

has been proposed.The free 

energy (15) and the frequency of the soft tilting mode (14) were 

calculated to analyse structural phase transitions HTT➔LTO➔LTT. In 

the model apical oxygen displacements were explicitly taken into 

account, which resulted in new terms both in the anharmonic inter­

action - r R2 (1)R2 (1)and in the interaction with an elastic strain 
2 X y , 

-G R ( l)R ( l)c unlike [ 13]. These terms are important for esti-
66 X Y xy 

mation of the constants in the free energy expantion (15) because 

they determine the sequence of two SPT. 

By estimating of the model parameters ( 17) from the micro­

scopical theory (18] and by taking into account measurements [12] 

it has been shown that we may get only the SPT from the HTT➔LTO 

phase. However, the second phase transition was observed in expe­

riments (7,8] for Ba doped samples while for Sr doped ones it was 

not clearly seen. As far as · electronic structures of Ba and Sr 

atoms are similar such difference can be accotiated only with the 

difference in ion radii:Ba(1,29A), Sr(1,10A) and La(1;04A). Their 

values are important for the determination of anharmonic cons­

tants: r
0
,r

1 
and r

2
in our model. Especially, the strong anharmonic 

behaviour is observed for displacements of apical oxygens which 

8 

J 
:'l 

characterized by r
2
constant. Supposing dependence of the r

2 
and 

r
0
,r

1
constants on x we can get a change of the sign of v(x) to 

obtain ;>o or r ( x)>r ( x) + - 1
- r ( x) in ( 17). This x-dependence of 

2 0 16 1 

the anharmonic constants was proposed in phenomenological model 

[14]. Therefore,to prove this consideration it is important to cal 

culate the microscopical constants in doped system. In the case of 

doped materials one should also take into account electron-phonon 

interaction for holes on oxygen sites. This interaction is also 

important to describe the .anomalies of electronic properties in 

LTT phase (8]. 
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IO 

nnaKHAa H.M., KpacaBHH C.E. 

AHHaMH'leCKaA MOAenb CTpyKTypHoro QJa30BOro 

nepexoAa B · La 
2
cuo 

4 

El 7-91-159 

npeAno>KeHa MHKPOCKOnH'lecKaA aHrapMOHH'leCKaA MOAenb AHHaMHKH 

peweTKH KpHcrnnnoB La2-xMxCu04 AflA onHCaHHA MArKOH POTaUHOHHOH 

MOAbl, a TaK>Ke ee. s3a11MoAeHCTBHA c. Aecpopr.1au11AMH. Bbl'IHcneHa cso6oA· 

HaA 3HeprnA H pacCMOTpeHbl CTpyKTypHble cf>aJOBble nepeXOAbl nl 7➔ n18➔ nl~ 
· · . 4h 2h 4h 

AnA onHCaHHA 3TOH nocneAOBaTenbHOCTH _cf>c330BblX nepeXOAOB He06XOAHMO 

npeAnonO>KHTb CHflbHYIO KOHUeHTpaU,HOHHYIO 3aBHCHMOCTb KOHCTaHT aHrap­

MOHH3Ma. 

Pa6orn BbmonHeHa s Da6o'parnpHH rnopern'lecKoH cf:,HJHKH Oll1A111. 

llpenpHHT 06'Le,tUrneeHoro HHcmTyTa H,U.epHl>IX HCCJJeAOBaHHH. ,[{y6ea 1991 
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r<t'.. Plakida N.M., Krasavin S.E. 

A Dynamical Model of Structural Phase 

Transition in La 2cuo4 · 

E17-91-159 
-, 

A microscopical model of anharmcmii:: lattice dy!}amics for La2_xMxCuO~ 

crystals is proposed to describe the. soft tilting' mode and. it~ interaction with 

strains. The free energy for the model is calculated and the structural phase 
. . D 17 D 18 016 . . 'd d I . d. -d transItIon 4h ➔ 2h ➔ 4h are consI ere • t 1s propose a strong x epen-

d~nce of anharmonic _constants especially for apical oxygen displacements. 

The investigation has been performed at the Laboratory_ of Theoretical 

Physics, JINR. 
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